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CHARACTERIZATION OF THE END OF SMECTITE-TO-ILLITE 
TRANSFORMATION: DECOMPOSITION OF X-RAY PATTERNS 

BRUNO LANSON 1 

Drpartement de grologie, Ecole Normale Suprrieure, 24 rue Lhomond 
75231 Paris Cedex 05, France 

G~RARD BESSON 

Centre de recherche sur la mati~re divis~e, Rue de Chartres, B.P. 6759 
45067 Orleans Cedex 2, France 

Abstract--Complex X-ray diffraction (XRD) profiles are described crystallographically by simulating 
XRD peaks for each phase, and adding the various elementary patterns to fit the experimental X-ray 
pattern. X-ray patterns of a ground muscovite and three polyphasic diagenetic I/S samples are fitted with 
this powerful, but time-consuming, technique. In the 6~176 CuKa range, the asymmetry of the mus- 
covite peak is related to a very broad coherent scattering domain size (CSDS) distribution; for the I/S 
samples the even greater asymmetry is due to the presence of several phases with close, but distinct 
crystallographic characteristics (I/S, illite, and detrital mica). 

A simulation-decomposition approach for modelling XRD patterns is introduced to describe quickly 
and accurately the various clay minerals (essentially mixed-layer illite/smectite and illite) present in a 
sedimentary series, and to follow their individual evolution during diagenesis. The theory for these 
simulations is described briefly. The influence of mixed-layer heterogeneity (the distribution of CSDS, 
and the distribution ofsmectite content) on the shape of X-ray peaks is shown theoretically to be minimal. 
Indeed, for both CSDS and smectite content, the important parameter for peak shape appears to be the 
mean value of the distribution and not its width and/or its shape. The theoretical limitations of the 
decomposition method are presented. Minor experimental limitations (reproducibility, experimental peak 
shape, discrimination) make this method a powerful and reliable tool to describe X-ray patterns. The 
method is used to show the simultaneous occurrence of three "illitic" phases in a sedimentary series from 
the Paris Basin. The respective evolution of the three phases is clearly evidenced by using this decom- 
position method. However, the precise identification of these different phases remains difficult to determine 
because of the difference in peak width between simulated and experimental X-ray patterns. 
Key Words--Decomposition, Diagenesis, Illite, Illite/Smectite, Mixed-layer, Simulation, Smectite, X-ray 
diffraction. 

I N T R O D U C T I O N  

For over twenty years, the smectite-to-illite diage- 
netic transformation has been described extensively by 
many authors (Burst, 1969; Perry and Hower, 1970; 
Hower et at., 1976; Boles and Franks, 1979; Srodofi, 
1979, 1984a; Velde et al., 1986; Glasmann et al., 1989; 
among many others). X-ray diffraction (XRD) has been 
the essential tool used to reveal an evolution that is 
characterized by the sequence: Smectite -~ random 
mixed-layer illite/smectite (I/S) ~ ordered mixed-layer 
I/S -~ Illite. 

When the lithology is constant, there is a continuous 
decrease in the smectite content of each of the illite/ 
smectite interstratified minerals with increasing depth, 
and thus with pressure-temperature conditions. Com- 
paring the evolution of I/S in various sedimentary ba- 
sins (Lahann, 1980; Srodofi and Eberl, 1984; Velde, 
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1985; Velde et al., 1986; Jennings and Thompson, 1986; 
Freed and Peacor, 1989) it is obvious that there is an 
important  kinetic effect in this transformation. This 
effect is seen also when comparing both the evolution 
of clay minerals and the maturat ion of organic material 
(Velde and Espitalir, 1989). 

In order to characterize and model the kinetics of 
this reaction, it is essential to determine the reaction 
mechanisms. To describe these mechanisms, one must 
characterize, as accurately as possible, the various clay 
phases* existing in the sediment. In most of the alia- 
genetic series, this identification is complex because of 
the simultaneous presence of several phases (I/S mixed- 
layer phases) with distinct, but closely-related crystal- 
lographic characteristics. 

To identify these phases precisely using XRD, one 
must simulate separately each of these phases and then 
add the simulated patterns to fit the experimental data. 
Such simulations have been done by Besson (1980) 
and Ben Hadj-Amara et al. (1987) on monophasic 
smectite samples, and by Sakharov and Drits (1973), 
Reynolds (1980), Srodofi (1980, 1984b), Inoue et al. 
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(1990), and Tchoubar et al. (1990) on mixed-layer min-  
erals. But, this powerful method is so t ime-consuming 
that its routine application on dozens of samples is 
difficult. 

Several authors (Srodofi, 1979, 1980, 1981, 1984b; 
Watanabe, 1981, 1988; Velde et al., 1986) have pro- 
posed alternative methods allowing a "quick" identi- 
fication of a great number  of samples. These methods 
are mainly based on peak position in simulated XRD 
patterns. However, X-ray patterns observed in a dia- 
genetic series show several major characteristics that 
render identification difficult. Most often, in the an- 
gular range from 2~176 CuKa, which contains most 
information on CSDS (Reynolds and Hower, 1970; 
Srodofi, 1980), the partial overlapping of characteristic 
peaks of chlorite, interstratified phases, illite, and/or 
detrital mica makes it difficult to separate the different 
contributions to the XRD peaks. However, separation 
of diffraction effects is essential for most of the classical 
I/S identification methods (Watanabe, 1981, 1988; 
Srodofi, 1979; Velde et al., 1986). The other methods 
require measurements on higher-angle peaks (Srodofl, 
1980, 1981, 1984b). These measurements are difficult 
to do routinely because of the low intensity of these 
peaks, and because of frequent overlapping with other 
phases (e.g., peak 002 with chlorites, peak 003 with 
quartz, all 001 peaks with detrital mica). 

The problem of overlapping XRD peaks exists over 
the whole angular range. The complex peak located 
between 4 ~ and 10~ CuKa appears to be the most 
interesting: 1) because of its high intensity; 2) because 
of the presence of all the illitic phases and only these 
phases; 3) and because of the availability of some crit- 
ical information (e.g., CSDS) in this domain.  To de- 
scribe this diffraction band it was necessary to create 
a program enabling the separation of the different con- 
tributions to the diffraction intensity from each clay 
phase. This decomposition program can fit the exper- 
imental XRD pattern with elementary curves that are 
related to the different phases present in the sediment. 
The position and full width at half max imum intensity 
(FWHM) of these elementary curves should let us iden- 
tify each associated phase by comparison with simu- 
lated patterns. 

We first demonstrate that it is possible, with a crys- 
tallographic approach, to model even complex poly- 
phasic X-ray diffraction (XRD) profiles. Indeed, XRD 
patterns of some diagenetic multiphase samples are 
simulated using the results of Lanson and Champion 

* In this paper, the word "phase" describes a population 
of particles whose physico-chemical composition vary about 
a mean value. It is assumed that this population behaves as 
a monophasic material (in a thermodynamic sense) having 
the same mean characteristics. Consequently this word is also 
used in the thermodynamic sense throughout the paper for 
this material. 

(1991) about the number  and the nature ofillitic phases 
present in these samples. Then, the much faster sim- 
ulation and decomposition method is developed. The 
influence of the sample heterogeneity (CSDS and smec- 
rite content distributions) on XRD profiles is checked 
theoretically, as well as the influence of the ordering 
type (partial and maximum orderings for R = 1). The 
peak symmetry hypothesis made while writing the de- 
composition program is checked. The influence of in- 
strumental factors and sample preparation are tested, 
as well as sample representativity. The discrimination 
power of the decomposition technique is tested on a 
theoretical mixture, and both the influence of ethylene 
glycol saturation on a ground sample of muscovite (and 
thus the possible effect ofinterparticle diffraction), and 
the effect of cation (Sr) saturation on our samples (hy- 
dration state of these samples) are determined. Finally, 
experimental patterns obtained from the studied dia- 
genetic series are decomposed. It is possible to describe 
the diagenetie evolution of each phase considered sep- 
arately, and to characterize all of  these phases in order 
to define the reaction mechanisms controlling the alia- 
genetic evolution of I/S mixed-layer clay. TEM obser- 
vations and XRF analyses performed by Lanson and 
Champion (1991) gave us essential data on both the 
number  and the chemistry of the different phases pres- 
ent in the samples. 

EXPERIMENTAL 

Samples  

The samples studied are drill cuttings from a deep 
borehole C (2150 m) in the eastern Paris Basin near 
the town of Nancy (supplied by the Institut Franqais 
du Prtrole). Lanson and Champion (1991) described 
the stratigraphic sequence, and displayed some char- 
acteristic X-ray patterns from this borehole. Sixty-two 
samples from the drill hole were used to establish the 
general diagenetic trend in the I/S minerals. Lanson 
and Champion (1991) performed XRD analyses with 
numerical decomposition treatment, TEM morpho- 
logical studies, XRF chemical analyses, and energy dis- 
persive spectroscopy (EDS) on individual particles to 
characterize four of these samples and to show the I/S 
transition stages. The essential criterion for the selec- 
tion of these samples (from 1000, 1550, 1730, 2130 m 
depth) was the absence, or the very low abundance, of 
other phases such as chlorite, kaolinite, or carbonates 
to avoid confusion for TEM observations. The differ- 
ent origins of the sediments could have had an influ- 
ence on their diagenetic evolution. The great consis- 
tency observed in the evolution of these sediments 
(Lanson and Champion, 1991; see below) indicates that 
this influence was only minor,  if it exists at all. 

Several other samples were chosen, due to avail- 
ability and similarities in I/S smectite content, to test 
the reproducibility of the method and to test the va- 
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l idi ty of  the description of  a stage of  diagenetic evo- 
lution with one representative sample. Eleven samples 
from the same Jurassic outcrop, near Lons le Saunier 
in the French Jura, were used to test the variabi l i ty  on 
the scale of  a meter-size outcrop. Five different strati- 
graphic levels (Barremian, 850-950 m, to Kimmer -  
idgian, 1250-1400 m) were sampled in seven neigh- 
boring deep wells located in the Meaux area, east-central 
Paris Basin. It is impor tant  to note that because these 
wells are located in the same area, sampling depths for 
the same stratigraphic level are almost the same in 
these different wells. Thus, the diagenetic evolution o f  
these samples not only results from their common or- 
igin, but also, and mostly, from their similar thermal 
history. A ground muscovite sample from Northern 
Scotland, used as a standard for the X-ray diffractom- 
eter, also was used to check the influence o f  ethylene 
glycol saturation on pure mica particles. 

Experimental methods 

The < 2-#m fraction was separated and brought into 
suspension in distilled water. After 24 hours o f  sedi- 
mentation,  the upper six centimeters of  the suspension 
were extracted. This fraction was passed through a Mil-  
l ipore filter (0.4 #m) in order to concentrate the ma- 
terial, and to get an op t imum orientation (Reynolds, 
1986). Samples were run on a Philips PW1050/20 dif- 
fraetometer with a stepping motor  drive on the goni- 
ometer. Ni-filtered CUKal, Ka2 radiat ion (fine-focus 
tube; Philips PW2213/20) was used. Motor  and inten- 
sity acquisit ion (Siemens proport ional  detector) com- 
mands were effected using a Socabim DACO system. 
Divergence slit, receiving slit, and scatter slit were re- 
spectively 1 ~ 0.1 m m  and 1 o. Ethylene glycol saturation 
was performed using liquid ethylene glycol and a small 
brush. The excess ethylene glycol was removed by 
pressing the slide on an absorbant  paper. Usual step 
size and counting t imes were respectively, 0.01020 and 
3 seconds for air-dried (AD) patterns and 4 seconds 
for ethylene glycol-saturated (EG) patterns. I f  neces- 
sary, greater counting t imes were used to obtain a better 
spectrum. Usually, no particular exchangeable cation 
was used. For  some typical samples, patterns of  Sr- 
saturated and untreated samples were compared.  No 
differences were found (see below). 

Simulation of X-ray diffraction patterns 

Various mathemat ical  expressions for X-ray diffrac- 
t ion intensity have been published (Mering, 1949; Hen- 
dricks and Teller, 1942; Dri ts  and Sakharov, 1976; 
Tchoubar  et al., 1990). To simulate mixed-layer X-ray 
patterns, it is necessary to define on the one hand the 
different elementary interstratified layers and, on the 
other hand, the stacking sequence in each crystallite, 
defined by the junct ion probabil i t ies of  elementary lay- 
ers. The structure of  the different elementary layers, as 

well as the junct ion probabil i t ies  used for this work, 
are detailed by Lanson (1990). All  the simulations were 
calculated with the CALC program created at the Uni-  
versity of  Orleans, France. CALC allows very easy 
modifications of junct ion  probabilit ies,  and allows cal- 
culation of  mixed-layer  minerals with three compo-  
nents. For  most  calculations, this program and the 
N E W M O D  program (Reynolds, 1985) gave equivalent 
results. However,  when looking to the structure factors 
for different layer types, Lanson (1990) noted differ- 
ences between the two programs. Structure factors ob- 
tained with CALC are similar  to those determined by 
Drits and Sakharov (1976) and vary with layer type. 
On the other hand, structure factors calculated with 
N E W M O D  are very similar,  whatever the layer type 
is (illite, smectite- 1H20, smectite-2H:O, smectite- l EG, 
or smectite-2EG), because the N E W M O D  program 
does not take into account the exchange cation, as well 
as the EG and/or  water sheets located on the edges o f  
the particles. Thus, one-layer illite and one-layer smec- 
tites (hydrated or glycolated) are identical when cal- 
culated by NEWMOD.  This should be kept in mind,  
especially when assuming small CSDS, because it could 
induce major  differences in the resulting calculated pro- 
files. 

We did not use long-range stacking junct ion prob- 
abilities (Reichweit >- 2), even for highly illitic material  
(% Sm -< 15). For  such highly illitic material  the X-ray 
pattern is mostly a function o f  the illite layer, which is 
the essential (quasi-exclusive) component .  The pat- 
terns obtained for such illitic materials  with long range 
ordering are quite similar to those obtained with short  
range, R = 1, as they show a similar  t rend either in a 
peak posi t ion-% smectite plot  (Figures 5-8; Srodofi 
1980, Figure 7; Srodofi 1984b) or in a &201-A202 di- 
agram (Figure 5; Watanabe,  1988). This analogy allows 
us to identify the natural I/S mixed-layers with long- 
range ordering (R >- 2), i f  they do exist in diagenetic 
series, by comparison with short-range (R = 1) ordering 
simulations. Furthermore,  in I/S mixed-layer clays the 
bonding between the different layers is mostly ionic. 
Thus, the influence o f  this bonding is less than or equal 
to a one-layer thickness. Thus, the occurrence of  a 
given layer will depend only on its nearest neighbors 
and not on greater distance neighbors. 

Influence of mixed-layer I /S  heterogeneity on X-ray 
diffractogram shape. Clay minerals  from a diagenetic 
environment  are not  unique and perfectly homoge- 
neous materials.  Indeed, these minerals  result from the 
t ransformation of  an initially heterogeneous material.  
This t ransformation involves several reactions that  are 
controlled by reaction kinetics. Consequently, clay 
phases are particle populat ions with variable sizes (ab 
plane), thicknesses (along the c* axis), and composi-  
t ions (smectite content, as well as chemical composi-  
t ion of  individual  layers). 



Vol. 40, No. 1, 1 9 9 2  Smectite-to-illite transformation: Decomposition of X-ray patterns 43 

For a hydrothermal series ofillites, Inoue et al. (1988) 
proposed a transformation similar to Ostwald ripening. 
During such a transformation,  thickness distr ibutions 
are quite broad, and will change as smaller crystals 
dissolve and larger ones grow. According to Nadeau et 
al. (1984a, 1984b), mixed layering is related to an 
interparticle diffraction phenomenon;  the apparent  
"smecti te  content" being determined by the number  
and the thickness of  fundamental  illite particles that 
are coherently stacked. In this latter case, the decrease 
" in  smectite content" results from the increase of  the 
thickness of  these fundamental  illite particles, and the 
CSDS varies as a function of  sediment  evolution. In 
both cases, simultaneously with the CSDS distr ibution 
there is also a composit ion (illite content) distr ibution 
induced either by the coexistence o f  particles with var- 
ious amounts  of  smectite, induced by dissolution and 
growth in the first hypothesis, or by the relaxation o f  
the structure inducing a change in composi t ion on the 
edges of  fundamental  particles. This distr ibution of  
composi t ion follows a Markovian law (Drits and Sak- 
harov, 1976; Tchoubar  et al., 1990). 

Lanson (1990) showed that the characteristics of  
s imulated patterns depend essentially on the mean val- 
ues o f  composi t ion (illite content) and/or  CSDS for a 
given particle population. The shape and width of  the 
distr ibution for both of  these parameters  is much less 
influential. Thus, the composi t ion and the CSDS de- 
termined by comparison of  the experimental  diagrams 
with simulated patterns should be considered as a mean 
value for heterogeneous populat ions that we are not 
able to describe accurately. The heterogeneity would 
exist not only for CSDS and/or  composi t ion (illite con- 
tent), but also for internal layer composi t ion (number, 
amount,  and posit ion o f  the different a toms in the 
structure), and for the stacking sequence. It is essential 
to keep this in mind, and not to consider the identified 
mixed-layer  mineral  as a unique homogeneous phase, 
but rather as the reflection of  a population o f  particles 
that results from a kinetic growth process. 

Decomposit ion method 

To describe a complex X-ray pattern in the angular 
range from 4~176 CuKa  it is necessary to decompose 
it, in order to separate the contributions of  each phase 
present. For  this decomposi t ion program, symmetrical  
Lorentzian (Cauchy) and Gaussian shapes were se- 
lected. These functions have only a m in imum of  ad- 
justable parameters  (position, F W H M ,  and intensity), 
and the fits obtained with these two shapes were very 
satisfying (Lanson and Champion,  1991). Thus, we d id  
not consider more complex functions with a greater 
number  of  parameters  such as asymmetry  factors. 

This decomposi t ion method is a multistep process. 
To decrease the effect of  statistical counting errors, a 
preliminary smoothing is performed. To eliminate most 
of  the contribution of  the Lorentz-polarization factor, 

a "background"  is subtracted from smoothed patterns. 
Finally, the elementary peak fit is performed either 
with a least squares method (Press et aL, 1986), or with 
a non-l inear  downhill  simplex method (Nelder and 
Mead, 1965; Press et aL, 1986). The calculation al- 
gori thms used for X-ray pa t tem processing (smooth- 
ing, background stripping, and elementary peak fitting) 
are classical and have been detailed by Lanson (1990). 

For  pattern fitting, the number  of  elementary curves 
is set by the user, who should make very careful as- 
sumptions.  For  A D  profiles, the recommended  pro- 
cedure is to progressively increase the number  o f  curves 
in order to get a good fit with the smallest  possible 
number  o f  elementary peaks. I f  possible, the number  
of  elementary peaks should be checked by direct ob- 
servations of  the sample (e.g., TEM). For  EG profiles, 
the number  of  elementary peaks will be a function of  
both the number  o f  phases found for the A D  profile, 
and of  the assumed nature o f  the associated phases 
(expandable or not), in order to obtain consistent re- 
suits from both A D  and EG profile decomposi t ions  
(Lanson and Champion,  1991). For  decomposi t ion o f  
the EG profile, there should be an elementary peak 
related to any elementary peak fitted on the AD profile. 
Furthermore,  i f  this e lementary peak is associated with 
an expandable I/S phase, an addit ional  peak is to be 
introduced, because a doublet  is associated with gly- 
colated 1/S mixed-layer  phases in this angular range 
(one peak on each side o f  10 ,~). 

The approximat ion  of  experimental  profiles with 
symmetr ical  functions (Gaussian and/or  Lorentzian) 
was found to be adequate. Usually the best fits were 
obtained assuming Gaussian shapes for any elementary 
peak containing both K a  1 and Ka2 radiations.  How- 
ever, Howard and Preston (1989) found this Gaussian 
profile inappropriate for routine X-ray diffraction work. 

The decomposi t ion method has to be used keeping 
in mind  several approximat ions  and limitations.  To 
confirm the observations made on the basis o f  this 
method (e.g., one peak--one phase), one must  verify 
that the theoretical pattern, which is the sum of  all 
s imulated patterns of  phases identified in the sample, 
is s imilar  to the experimental  pattern over  the whole 
angular range. 

Direct  TEM observations of  the sample would also 
be useful to check the existence of  the different phases 
identified with XRD, because the pattern decompo-  
sition has a physical meaning only i f  the modeled phases 
correspond to phases that  actually exist in the sedi- 
ment. In this case only the contributions of  each phase 
are added,  and it is then possible to decompose (or to 
desum) the experimental  pattern. 

In diagenesis, any o f  the "phases"  related to these 
elementary curves is not  formed from an unique ho- 
mogeneous material,  but represents a populat ion of  
particles with variable physico-chemical  characteris- 
tics. Any phase identified with this method will be 
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Figure 1. X-ray pattern of crushed muscovite used as a stan- 
dard. Diamonds represent the experimental pattern; the solid 
line the calculated pattern. This pattern has been calculated 
fitting the proportions of five muscovite patterns (see text for 
composition) with different CSDS distributions (least squares 
method). This fit was done after background subtraction on 
both experimental and theoretical patterns. 

characterized by a mean value for all these parameters, 
with the mean values actually representing a popula- 
tion. 

Furthermore, in the 4~176 CuKa range, the dif- 
fraction peak of any phase is asymmetric. Basically, 
one can consider that this results (Reynolds, 1980, 1989) 
from the product of the interference function (sym- 
metrical) by the structure factor and the Lorentz-po- 
larization factor (both strongly decreasing in this an- 
gular range). Thus ,  the decompos i t i on  of  an 
experimental pattern using symmetrical elementary 
curves can be only an approximation. 

EXPERIMENTAL RESULTS 

X- ray pattern simulations 

Natural crushed muscovite. This sample can be con- 
sidered as a single phase. Thus, the asymmetry of the 
experimental pattern (Figure 1) can only result from 
the CSDS distribution (which includes defects; Reyn- 
olds, 1985). In order to verify this assumption, we 
summed patterns of muscovite (structural formula: 
K+ Loo(Fe3 +oAo,Mg2+o.lo,Al3+ 1.8o) (Si3.~o,Alo.9o)O ~o(OH)2) 
with CSDS varying between 5 and 100 layers. The 19 
simulated patterns were separated into five groups as 
a function of their CSDS distribution: Group 1: [6,9], 
[11,14], [16,19]; Group 2: [21,24], [26,29], [31,34], 
[36,39]; Group 3: [41,44], [46,49], [51,54], [56,59]; 
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Figure 2. Comparison between equivalent diameter (Lanson 
and Champion, 1991) and CSDS distributions. The first dis- 
tribution was obtained by TEM measurement of particle size. 
For each equivalent diameter class, the surface corresponding 
to all the particles of this class was calculated and divided by 
the total surface (sum of the surface for all the observed par- 
ticles). The CSDS distribution was obtained fitting the pro- 
portions of five theoretical muscovite patterns on the exper- 
imental X-ray pattern (least squares method). 

Group 4: [61,64], [66,69], [71,74], [76,79]; and Group 
5:[81,84], [86,89], [91,94], [96,99]. 

The sums were done with one pattern from each 
group to obtain the optimal fit shown on Figure 1. The 
relative proportions of each pattern were adjusted by 
the least squares method. According to Nadeau (1985), 
the CSDS of an I/S clay phase is related to its particle 
size. Thus, to check the consistency of this simulation, 
particles edges were digitized on TEM micrographs and 
the area and the equivalent diameter (diameter of the 
circle having the same area as the observed particle, 
Lanson and Champion, 1991) were determined for any 
particle. For each class of equivalent diameter it was 
possible to calculate the total surface of the particles 
of this class, and the relative proportion of this area 
over the global area for all the particles. This propor- 
tion is directly related to the contribution of this class 
of particles to the X-ray pattern of the sample. 

As shown on Figure 2, the distributions of relative 
surface area versus equivalent diameter and versus the 
distribution of CSDS are similar in shape. The validity 
of the simulation is also shown by the good correlation 
between equivalent diameter and thickness of the par- 
ticles (Figure 3). The relative proportions of the pat- 
terns added to obtain the fit shown in Figure 1 represent 
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Figure 3. Correlation between equivalent diameter of  the 
particles and their thickness: crushed, standard muscovite 
example. Values are given in micrometers. The linear regres- 
sion was calculated with a 0 Y-value at the origin. Deter- 
mination of couples (equivalent diameter, thickness) is ex- 
plained in the text. 

the relat ive amoun t s  o f  mater ia l  cor responding  to par- 
ticles with increasing CSDS. The  CSDS values c o m e  
f rom the assumpt ions  used to s imula te  the theoret ical  
muscov i t e  pat terns  fitted on the exper imenta l  profile. 
The  associated values  o f  equ iva len t  d i amete r  (ab-di-  
mens ion)  were de t e rmined  f rom the cumula t i ve  dis- 
t r ibut ion  o f  surface area as a funct ion o f  equ iva len t  
d iameter .  The  equ iva len t  d i ame te r  cor responding  to a 
certain CSDS is character ized by a s imilar  p ropor t ion  
o f  mater ia l  invo lved ;  p ropor t ion  o f  the considered pat- 
tern on the  one  hand,  and re la t ive  surface area o f  the 
part icles smal ler  than  a definite equ iva len t  d i amete r  
on the o ther  hand.  

The  equ iva len t  d iameter - th ickness  rat io is about  20, 
close to Nadeau ' s  (1987) rat io o f  33 for illitic particles, 
The  equ iva len t  d iameter - th ickness  relat ion was as- 
sumed  to be  linear,  but  it is probably  not  l inear  for the 
largest particles.  

Polyphasic samples from the diagenetic environment. 
Lanson  and C h a m p i o n  (1991) es tabl ished the coexis-  
tence o f  two different authigenic  I /S phases (plus a 
detri tal  micaceous  phase) in these samples.  The  re la t ive  
propor t ions  o f  these different phases were de t e rmined  
f rom the re la t ive  intensit ies o f  related e lementary  peaks 
fitted on the exper imenta l  patterns.  F r o m  this decom-  
posi t ion t rea tment ,  it was also possible to make  pre- 
l iminary  assumpt ions  about  the illite conten t  and the 
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Figure 4. Comparison between experimental and simulated 
X-ray patterns. (a) AD pattern of  e l000 .  Bottom: experi- 
mental pattern; top: theoretical pattern. The theoretical pat- 
tern is the sum of following elementary patterns: I/S 86% Ill, 
R 1 maximum ordering, 3 -< N -< 16 (asymmetric distribu- 
tion): 60%; I/S 94% Ill, R 1 maximum ordering, 7 < N -< 16 
(asymmetric distribution): 34%; Mica 100% Ill, R 1 maximum 
ordering, 15 ___ N -< 85 (asymmetric distribution): 6%. (b)AD 
pattern of C1475. Bottom: experimental pattern; top: theo- 
retical pattern. The theoretical pattern is the sum of following 
elementary patterns: I/S 88% Ill, R 1 maximum ordering, 3 
-< N -< 16 (asymmetric distribution): 44%; I/S 94% Ill, R 1 
maximum ordering, 11 < N _< 20 (asymmetric distribution): 
30%; Mica 100% Ill, R 1 maximum ordering, 15 -< N -< 85 
(asymmetric distribution): 26%. (c) AD pattern of C2130. 
Bottom: experimental pattern; top: theoretical pattern. The 
theoretical pattern is the sum of following elementary pat- 
terns: I/S 92% Ill, R 1 maximum ordering, 7 -< N _< 16 
(asymmetric distribution): 14%; I/S 98% Ill, R 1 maximum 
ordering, 11 -< N -< 20 (asymmetric distribution): 48%; Mica 
100% Ill, R 1 maximum ordering, 15 -< N-< 85 (asymmetric 
distribution): 38%. 

m e a n  C S D S  o f  bo th  I /S phases. These  p re l iminary  as- 
sumpt ions  al low us to de t e rmine  the va r ious  pa ram-  
eters  (compos i t ion ,  C S D S  dis t r ibut ion,  o rder ing  type, 
and  re la t ive  p ropor t ion  o f  each e lementa ry  phase) fast- 
er  and  m o r e  accurately  by t r ia l -and-er ror  s imula t ion  
method .  The  best  fits, shown on Figures  4a--c, were 
ob ta ined  assuming  the calculated mixtures  descr ibed 
below:  

C1000:  I /S (86% illite), R 1 m a x i m u m  ordering,  3 -< 
N -< 16 (tr iangular distr ibution):  60%. 
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I/S (94% illite), R 1 maximum ordering, 7 -< 
N -< 16 (triangular distribution): 34%. 

Mica (100% illite), 15 -< N -< 85 (triangular 
distribution): 6%. 

C1475: I/S (88% illite), R 1 maximum ordering, 3 < 
N -< 16 (triangular distribution): 44%. 

I/S (94% illite), R1 maximum ordering, l l  
-< N -< 20 (triangular distribution): 30%. 

Mica (100% illite), 15 -< N -< 85 (triangular 
distribution): 26%. 

C2130: 1/S (92% illite), R 1 maximum ordering, 7 -< 
N -< 16 (triangular distribution): 14%. 

I/S (98% illite), R 1 maximum ordering, 11 
<-- N <_ 20 (triangular distribution): 48%. 

Mica (100% illite), 15 -< N -< 85 (triangular 
distribution): 38%. 

Mixed-layer illite/smectite identification diagrams 

The decomposition of experimental XRD profiles 
gives us the characteristics (i.e., position and FWHM) 
of the elementary peaks associated with the different 
clay phases present in the samples. The simulations 
allow one to follow the theoretical evolution of both 
position and FWHM of simulated peaks as a function 
of the initial parameters (CSDS, junct ion probabilities 
of different layers, and % smectite). 

The structures of the end-members, junct ion prob- 
abilities, and CSDS for these calculations are given by 
Lanson (1990). Only the major band from 5~176 
CuKa was considered. The subsidiary bands, related 
to the interference function oscillations (Reynolds, 
1980, 1989) and not to a distinct phase, were ignored 
(Lanson, 1990; Lanson and Champion, 1991). On Fig- 
ure 5, one can observe the FWHM variations as a 
function of peak position for mixed-layer illite/smec- 
tite hydrated with two interlayer water sheets (R = 1, 
max imum ordering). On this figure, one can note that 
the maximum FWHM is about 1.6~ CuKa. As de- 
scribed previously (Reynolds and Hower, 1970; Reyn- 
olds, 1980), the FWHMs measured on experimental 
spectra are greater than this value. 

Lanson (1990) showed that the discrepancy in 
FWHM observed between simulated and experimental 
profiles cannot be induced by the presence of three- 
c o m p o n e n t  mixed- layer ing (illite, smec t i t e - lH20 ,  
smectite-2H20) or by the existence of partial ordering 
in the stacking sequence. The diagrams obtained by 
assuming either the hydration of some of the smectitic 
layers with only one interfoliar water sheet (three com- 
ponents: illite, smecti te-lH20, smectite-2H20), and/  
or the existence of partial ordering in the stacking se- 
quence are very similar to the one shown on Figure 5. 
Increased FWHM could also be obtained for simulated 
profiles by assuming lattice strain (Ergun, 1970; Reyn- 
olds, 1989). The peak broadening is then related to the 
displacements of the different atoms and layers about 
their nominal  positions along the c* axis. Without a 
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Identification diagrams for ordered (R = 1) mixed- Figure 5. 
layer illite/smectite. Position and width (FWHM) are given 
in ~ CuKa. Illite/smectite (hydrated with two interfoliar 
water sheets), mixed-layer. Maximum ordering. The patterns 
represent CSDS distributions (solid squares: 2 _< N -< 5; open 
diamonds: 6 -< N -< 9; solid triangles: 11 -< N -< 14; open 
squares: 16 -< N -< 19; solid diamonds: 22 -< N -< 25; open 
triangles: 36 -< N -< 39). The compositions vary from 45- 
100% Illite (5% Ill steps from 45-90% Ill, and 2% Ill incre- 
ments from 90-100% Ill). 

program available to calculate this, the effect of strain 
on peak width was not checked. Another phenomenon 
that could increase the simulated peaks FWHM is the 
occurrence of defects in the stacking sequence (Reyn- 
olds, 1989). However, this defect broadening effect is 
simply a particular form of the CSDS distribution. 

The whole set of simulations (Lanson, 1990) encom- 
passes most of the usual simulations (maximum or- 
dering, and exclusive presence of smectite hydrated 
with two water layers). The set also shows the relative 
influence ofCSDS, ofsmectite hydrated with one water 
layer, and of partial ordering in the stacking sequence. 
The diagrams in Lanson (1990) should allow one to 
identify I/S or illitic phases present in any natural sam- 
ple. Unfortunately, the peak-width problems did not 
permit this identification. 

Limitations and reproducibility of  the 
decomposition method 

Natural peak symmetry. The decomposition method 
was performed on a hydrothermal sample containing 
only one interstratified phase in order to check the 
resulting pattern for symmetry. The selected sample 
was from the hydrothermal series of samples studied 
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Figure 6. Sample WS7-115 (Inoue et al., 1988). X-ray pat- 
terns; AD (top) and EG (bottom). 
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Figure 7. Decomposition of X-ray patterns, AD and EG 
(respectively, on top and bottom) from sample WS7-115.4 
(15% Sm). 

by Inoue et al. (1978, 1987, 1988), Inoue and Utada 
(1983), and Inoue (1986). 

The AD and EG profiles of this sample (WS7-115.4) 
are shown on Figure 6. On the AD pattern one can 
note the apparent symmetry of the major peak at 8.3~ 
(t0.65 ~)  related to the interstratified phase, and the 
presence of a weak peak located around 9.3~ (9.5 A). 
According to Mering's rule (Mering, 1949; Moore and 
Reynolds, 1989), this latter peak is also induced by the 
R -> 3 structure of this hydrothermal I/S (Inoue et al., 
1987). One can see that both of these peaks are sym- 
metrical on the AD pattern (Figure 7). On the EG 
pattern decomposition, the interstratified structure also 
gives two peaks, one on each side of 10.00 A, according 
to the simulations. Both of these peaks are symmet- 
rical. However, it was necessary to introduce a weak 
additional peak in order to simulate accurately the 
shoulder between the two peaks. This weak peak also 
can be observed on simulated patterns; it is then in- 
duced by the interference function. Finally, despite the 
theoretical problems, the approximation of a mixed- 
layer I/S diffraction peak by a symmetric curve is re- 
alistic, even in the low-angle range. 

Reproducibi l i ty .  The influence of the various experi- 
mental procedures (running of the sample, preparation 
and selection of the sample) on the measurements of 
the parameters obtained with the numerical treatment 
of X-ray patterns was quantified by Lanson (1990). 
This author performed a series of tests: (1) repeated 

runs of the same slide under the same experimental 
conditions, (2) various runs of the same slide with dif- 
ferent counting times, (3) runs of several slides pre- 
pared from the same suspension, (4) runs of several 
slides prepared from samples from the same outcrop, 
and (5) runs of  several slides prepared from cored sam- 
ples from the same stratigraphic level (on gamma-ray 
logs), in several wells from the same area (kilometer 
scale). 

Lanson (1990) showed that the counting time has a 
small influence on the profile shape, except for 1 s 
counting times that are insufficient to give reproducible 
counting statistics. He also demonstrated that the stan- 
dard deviations for all the series of tests define a single 
trend as a function of position and F W H M  of fitted 
elementary peaks. This trend suggests that the standard 
deviation is induced mostly by the experimental equip- 
ment;  that the calculated characteristics are represen- 
tative of the sample studied; and that this sample is 
representative of the diagenetic evolution of its strati- 
graphic level in the studied area. Furthermore, the stan- 
dard deviations on position and FWHM of an I/S peak 
(related to the illite content and the CSDS scatter of 
the associated phase) are larger when mean smectite 
content is high, than when mean CSDS is low. 

Plotting the standard deviations on calculated po- 
sitions (0.20~ when the position is 7.25~ and 0.05~ 
when the position is around 8.80~ in the identifi- 
cation diagrams, the error on estimated composition 
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(% illite) related to the experimental procedure is about 
+2% Sm for illitic material, and _+3% Sm for less- 
illitic, ordered mixed-layer I/S. 

Resolution of  the method. To define the limits of the 
decomposition method, it was necessary to know its 
resolving power, i.e., its ability to separate the contri- 
butions of two populations with similar characteristics. 
Lanson (1990) showed that this decomposition method 
allows one to individualize the contributions of two 
interstratified phases with similar characteristics (dif- 
ferences of 0.3 ~ and 0.2~ CuKa on position and 
FWHM, respectively, for the two most closely distin- 
guishable peaks). It is even possible to distinguish peaks 
for which the difference in one of the peak character- 
istics is smaller if the contrast for the characteristics is 
larger. This is very frequently the case in the natural 
series studied (at least for the AD profiles). 

This author also estimated that the error in the de- 
termination of XRD characteristics induced by the 
mixture of two phases is less than 2% illite for the kinds 
of mixtures that are analogous to those observed in a 
natural series. These observations are appropriate if 
the constituents of the mixture are in equal relative 
proportions. No test was done assuming variable rel- 
ative proportions of the phases in order to observe the 
resulting mixture effect. 

Influence of  ethylene glycol saturation on true mica 
particles. To verify whether the shifts of the various 
elementary peaks could be due to an interparticle swell- 
ing effect, a ground muscovite (<2-urn particles as 
shown by TEM observations) slide was ethylene glycol- 
saturated. A comparison of the AD and EG profiles of 
this muscovite was performed using the decomposition 
method. The ethylene glycol saturation might dem- 
onstrate swelling of this fully micaceous phase if in- 
terparticle diffraction does occur. 

We showed earlier that the asymmetry of this par- 
ticular profile is related to the CSDS distribution, and 
that it is not an artifact of the experimental equipment, 
an artifact of the calculation method, an effect of grind- 
ing, or the result of  interference function oscillations. 
Lanson (1990) established that the band characteristics 
do not vary after the EG saturation; the profile shape 
is the same for both AD and EG profiles. Consequently, 
if there is a shift in any elementary peak characteristic 
after EG saturation, this shift is actually related to the 
presence of expandable layers in the stacking sequence 
and not to interparticle diffraction effect, at least for 
particles with CSDS greater than ten layers. 

Influence of cation exchange. Samples were not ex- 
changed with a single cation (e.g., Sr) during slide prep- 
aration. Thus, one cannot know precisely the hydration 
state of smectitic layers, i.e., the number  (one or two) 
of interfoliar water sheets if significant Na or K is pres- 
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Well C. The positions are obtained from decomposition of 
AD X-ray patterns. Patterns indicate the phases associated 
with the different elementary peaks: empty triangles: detrital 
mica (1 st peak); solid diamonds: illite (2 "d peak); empty squares: 
mixed-layer illite/smectite (ordered, 3 rd peak). 

ent. The relative humidity was not controlled during 
the runs. 

Comparing the decomposition results from both nat- 
ural and Sr-exchanged (the samples were put into sus- 
pension in 0.5 M SrClz solution, and rinsed with dis- 
tilled water to remove the excess SrCl2) slides of six 
characteristic samples, Lanson (1990) showed that the 
difference in the characteristics of both samples was 
close to the standard deviation of the experimental 
procedure. Consequently, the phases related to these 
peaks can be identified with diagrams calculated as- 
suming two interfoliar water (or EG) sheets. 

Application to sedimentary series 

On TEM micrographs of our samples, Lanson and 
Champion (1991) identified lath-shaped particles and 
hexagonal plates, as well as detrital phases easily dis- 
tinguishable due to their greater contrast. Analyzing 
individual particles by EDS methods, they demon- 
strated that the two particle types are different chem- 
ically. The chemical compositions of both types of par- 
t ides occur in the non-mica domain; the chemical 
composition of laths varies as a function of depth, 
indicating a change in their smectite content. They 
showed that the samples contain two authigenic phases 
(one I/S mixed-layer phase, and an illitic phase), a 
detrital micaceous phase, and occasionally chlorite and/  
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Figure 9. Evolution of full width at half maximum (~ CuKa) 
vs depth (meters) for Well C. The widths are obtained from 
decomposition of AD X-ray patterns. Patterns as Figure 8. 

or kaolinite. The complex diffraction band from 4 ~ 
10~ CuKa should include the representative peaks 
of these phases (I/S, illite, mica _+ chlorite). Except for 
the chlorite peak, all the decompositions performed on 
AD profiles required three elementary peaks to obtain 
a good fit (Lanson and Champion, 1991; Figure 2). 

The sharper peak closer to 10 ,~ is called "1 ~t peak." 
The "3 rd peak" is found at the lowest 2-0 angle and its 
FWHM is the greatest. The "2 "a peak" has an inter- 
mediate position and FWHM. These "peaks" are as- 
sociated with detrital mica, an interstratified I/S phase, 
and "illite", respectively. For the more expandable 
samples, the EG profiles were decomposed into four 
elementary peaks (Lanson and Champion, 1991, Fig- 
ure 3a; Figures 10, 11). When the I/S expandability 
decreases to a certain value (corresponding to about 
1400 meters depth in the borehole), the resolving pow- 
er of the decomposition method is insufficient to dis- 
tinguish the 2nd "illitic" peak and the third doublet 
component located at higher angles. Consequently, the 
decomposition of such EG profiles was performed with 
only three elementary peaks (Lanson and Champion, 
1991, Figure 3b: Figures 10, 11), one of the peaks rep- 
resenting two different phases (illite + I/S). 

In Figures 8-11, one can note the great consistency 
of the results, except for the 450 to 950-meter depth 
range. In this range, the evolution of both position and 
FWHM of the different elementary peaks, continuous 
in the ranges on both sides of this particular level, show 
a hiatus. The corrensite occurrence in this particular 

stratigraphic sequence (from Keuper to Muschelkalk) 
is characteristic of deposits found in confined environ- 
ment  (Velde, 1985). The occurrence of this phase also 
implies chemical conditions (especially for Fe and Mg) 
very different from the conditions observed at the other 
stratigraphic levels. It seems that the observed min-  
eralogical differences are related to these singular de- 
positional conditions. The following discussion will be 
based on observations that ignore this interval. 

On both AD and EG profiles, the first peak char- 
acteristics remain constant with depth (empty triangles 
on Figures 8-11). The position and FWHM, respec- 
tively, scatter from 10.00 to 10.10 ~,  and from 0.15 ~ 
to 0.35~ CuKa. These characteristics are not influ- 
enced by EG saturation. One can deduce that the phase 
associated with this peak does not contain any swelling 
layers. Furthermore, this well-crystallized phase is 
present from the surface down, and does not show any 
evolution. It was identified as a detrital micaceous 
phase. 

The characteristics of the second peak (solid dia- 
monds on Figures 8-11) are also constant with depth: 
position and FWHM, respectively, scatter from 10.15 
to 10.50 /~, and from 0.50 ~ to 1.20~ The FWHM 
remains constant after EG saturation; the observed shift 
in peak position after glycolation is due to the impos- 
sibility of distinguishing the illite and I/S phases. On 
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Figures 9 and 11, one can note that the FWHM of this 
second peak decreases slightly with depth. This de- 
crease could be related to an increase in illite content 
(very close to 100% illite) and/or to an increase in mean 
CSDS. 

Finally, the third peak exhibits a clear trend on both 
position and FWHM on AD profiles. The position de- 
creases from 12.25 ,~ (surface) to 10.50/~ (2130 meter- 
deep sample), while the FWHM decreases from about 
2.50 ~ to 1.25~ CuKa. Even if the elementary peaks 
fitted to the experimental patterns are too wide when 
compared to the simulated ones, it is likely that the 
trends defined by the simulations are correct (position 
closer to 10 /~ as the I/S becomes more illitic, and 
decreasing F W H M  as the CSDS gets larger). By anal- 
ogy, one can assume that the simultaneous evolution 
of position and FWHM with depth is associated with 
a decrease in the smectite content and an increase in 
mean CSDS. These hypotheses are supported by the 
observations performed by Lanson and Champion 
(I 991 ) on I/S mixed-layer, lath-shaped particles, which 
are associated with the third peak, They demonstrated 
the simultaneous evolution of the chemical composi- 
tion of these particles toward the illite composition 
(and thus an increase in the illite content of these par- 
ticles) and of the ab-surface area of these particles (and 
thus probably of their thickness). The same trends are 
shown on EG profiles. 

SUMMARY AND CONCLUSIONS 

The theoretical fits shown on Figures 1 and 4 are 
close to the experimental profiles. This crystallographic 
method allows an accurate identification of the various 
phases existing in a sample, even in a complex case 
such as the diagenetic environment. However, one must 
remember that it is necessary to determine physico- 
chemical characteristics separately for each phase in 
order to use this method (Drits and Sakharov, 1976; 
Tchoubar et al., 1990). For a pure interstratified sam- 
ple, it is very t ime-consuming to determine the chem- 
ical composition, the relative proportions of each com- 
ponent, the junct ion probabilities, and the CSDS 
distribution. Thus, it is unlikely that this method will 
be used routinely to characterize precisely the different 
mixed-layer phases present in a sedimentary sample. 

The decomposition method described allows one to 
follow accurately the diagenetic evolution of clay min-  
erals. Because the method is simple and not especially 
t ime-consuming it can be performed on a great number  
of samples. The estimated error on smectite content 
induced by the mixing effect (-<2% Sm) and the ex- 
perimental procedure (-<3% Sin) is low. At present, it 
is not possible to determine the exact nature (especially 
illite content and CSDS), because of the differences 
observed between the characteristics of natural min-  
erals and of simulated profiles. By looking at higher- 
order peaks, it is possible to eliminate these differences 
(Lanson, in preparation). However, this does not elim- 
inate the peak-width problem on the band considered 
in this paper. Thus, it is necessary to introduce new 
simulation hypotheses such as thermal vibration of 
atoms, which is equivalent to considering a population 
of elementary layers that have basal distances that vary 
about a mean value. The introduction of faults in the 
stacking sequence could also be a parameter that in- 
duces an important  peak broadening (Reynolds, 1989). 
These faults can either induce a different CSDS dis- 
tr ibution (Reynolds, 1985), or be induced by the pres- 
ence of incomplete T - O - T  layers (e.g., T - O  layers) 
and/or gibbsite-like layers in the stacking sequence. 

The present method is very powerful for following 
diagenetic trends. It can also be used to make detailed 
simulations much easier by obtaining preliminary re- 
sults on the nature of the different phases, and their 
relative proportions. However, one must  remember 
the initial warnings concerning this decomposition 
method, and consequently try to check the results ob- 
tained from this X-ray profile shape numerical treat- 
ment  by using other methods of analysis (Lanson and 
Champion 1991). 

ACKNOWLEDGMENTS 

We thank the Institut Franqais du Prtrole and Gaz 
de France for providing the samples. B.L. acknowl- 
edges financial support from the Institut Fran~ais du 



Vol. 40, No. 1, 1992 Smectite-to-illite transformation: Decomposition of X-ray patterns 51 

P&role .  T h e  m a n u s c r i p t  benef i t ed  f rom rev iews  by  D. 
D. Eberl ,  B. Velde  a n d  R. C. Reyno lds ,  Jr .  

R E F E R E N C E S  

Ben Hadj-Amara, A., Besson, G., and Tchoubar, C. (1987) 
Caractrristiques structurales d'une smectite en fonction des 
relations d'ordre-drsordre dans la distribution des charges 
61etriques: Clay Miner. 22, 305-318. 

Besson, G. (1980) Structures des smectites dioctardriques. 
Param~tres conditionnant les fautes d 'empilement des 
feuillets: Thesis, University of Orlrans, France, 153 pp. 

Boles, J. R. and Franks, G. S. (1979) Clay diagenesis in 
Wilcox sandstones of  Southwest Texas: Implications of 
smectite diagenesis on sandstone cementation: J. Sed. Pe- 
trol. 49, 55-70. 

Burst, J .F.  (1969) DiagenesisofGulfCoastclayeysediments 
and its possible relation to petroleum migration: Amer. 
Assoc. Petrol. Geol. Bull. 53, 73-93. 

Drits, V. A. and Sakharov, B. A. (1976) X-ray Structure 
Analysis of Mixed-layer Minerals. Dokl. Akad. Nauk SSSR, 
Moscow, 256 pp. (in Russian). 

Ergun, S. (1970) X-ray scattering by very defective lattices: 
Physical Review B-131, 3371-3380. 

Freed, R. L. and Peacor, D. R. (1989) Variability in tem- 
perature of the smectite/illite reaction in Gulf  Coast sedi- 
ments: Clay Miner. 24, 171-180. 

Glasmann, J. R., Larter, S., Briedis, N. A., and Lundegard, 
P . D .  (1989) Shale diagenesis in the Bergen High area, 
North Sea: Clays & Clay Minerals 37, 97-112. 

Hendricks, S. D. and Teller, E. (1942) X-ray interference in 
partially ordered layer lattices: J. Chem. Phys. 10, 147-167. 

Howard, S. A. and Preston, K. D. (1989) Profile fitting of 
powder diffraction patterns: in Modern Powder Diffraction, 
Reviews in Mineralogy, 20, D. L. Bish and J. E. Post, eds., 
Mineral. Soc. of Amer., Washington, D.C., 217-275. 

Hower, J., Eslinger, E. V., Hower, M. E., and Perry, E. A., 
Jr. (1976) Mechanism of burial metamorphism of argil- 
laceous sediment: 1. Mineralogical and chemical evidence: 
Geol. Soc. Amer. Bull. 87, 725-737. 

Inoue, A. (1986) Morphological change in a continuous 
smectite-to-illite conversion series by scanning and trans- 
mission electron microscopies: a t. Coll. Arts & Sci., Chiba 
Univ. B-19, 23-33. 

Inoue, A., Kohyama, N., Kitagawa, R., and Watanabe, T. 
(1987) Chemical and morphological evidence for the con- 
version of smectite to illite: Clays & Clay Minerals 35, 111- 
120. 

Inoue, A., Minato, H., and Utada, M. (1978) Mineralogical 
properties and occurrence of illite/montmorillonite mixed 
layer minerals formed from Miocene volcanic glass in Waga- 
Omono district: Clay Sci. 5, 123-136. 

Inoue, A. and Utada, M. (1983) Further investigations of a 
conversion series of dioctahedral mica/smectites in the 
Shinzan hydrothermal alteration area, northeast Japan: Clays 
& Clay Minerals 31, 401-412. 

Inoue, A., Velde, B., Meunier, A., and Touchard, G. (1988) 
Mechanism ofillite formation during smectite-to-illite con- 
version in a hydrothermal system: Amer. Mineral. 73, 1325- 
1334. 

Inoue, A., Watanabe, T., Kohyama, N., and Brusewitz, A. 
M. (1990) Characterization of illitization of smectite in 
bentonite beds at Kinnekulle, Sweden: Clays & Clay Min- 
erals 38, 241-249. 

Jennings, S. and Thompson, G.R.  (1986) DiagenesisofPlio- 
Pleistocene sediments of the Colorado fiver delta, southern 
California: J. Sed. Petrol. 56, 89-98. 

Lahann, R. W. (1980) Smectite diagenesis and sandstone 
cement: The effect of reaction temperature: J. Sed. Petrol 
50, 755-760. 

Lanson, B. (1990) Mise en 6vidence des mrcanismes de 
transformation des interstratifirs illite/smectite au cours de 
la diagenrse: Ph.D. thesis, Univ. Paris, France, 366 pp. 

Lanson, B. and Champion, D. (1991) The I/S to illite re- 
action in the late stage diagenesis: Amer. J. Sci. 291, 473-  
506. 

Mrring, J. (1949) L'interfrrence des rayons-X dans les sys- 
t~mes ~ stratification drsordonnre:  Acta Crystallogr. 2, 371-  
377. 

Moore, D. M. and Reynolds, R. C. (1989) X-ray Diffraction 
and the Identification and Analysis of Clay Minerals: Ox- 
ford Univ. Press, 243-246. 

Nadeau, P. H. (1985) The physical dimensions of funda- 
mental clay particles: Clay Miner. 20, 499-514. 

Nadeau, P. H. (1987) Relationships between the mean area, 
volume and thickness for dispersed particles of kaolinites 
and micaceous clays and their application to surface area 
and ion exchange properties: Clay Miner. 22, 351-356. 

Nadeau, P. H., Tait, W. J., McHardy, W. J., and Wilson, M. 
J. (1984a) Interstratified XRD characteristics of physical 
mixtures of  elementary clay particles: Clay Miner. 19, 67-  
76. 

Nadeau, P. H., Wilson, M. J., McHardy, W. J., and Tait, J. 
M. (1984b) Interparticle diffraction concept for interstra- 
tiffed clays: Clay Miner. 19, 757-769. 

Nelder, J. A. and Mead, R. (1965) A simplex method for 
function minimization: Computer Journal 7, 308-313. 

Perry, E. A., Jr. and Hower, J. (1970) Burial diagenesis in 
Gulf  Coast pelitic sediments: Clays & Clay Minerals 18, 
165-177. 

Press, W. H., Flannery, B. P., Teukolsky, S. A., and Vetterling, 
W . T .  (1986) Numerical Recipes. The Art of Scientific 
Computing. Cambridge Univ. Press, 818 pp. 

Reynolds, R. C. (1980) Interstratified clay minerals: in Crys- 
tal Structures of Clay Minerals and their X-ray Identifica- 
tion, G. W. Brindley and G. Brown, eds., Mineral. Soc., 
London, 249-359. 

Reynolds, R. C. (1985) NEWMOD�9 a computer program 
for the calculation of one-dimensional patterns of mixed- 
layered clays: R. C. Reynolds, 8 Brook Rd., Hanover, New 
Hampshire. 

Reynolds, R.C. (1986) The Lorentz-polarization factor and 
preferred orientation in oriented clay aggregates: Clays & 
Clay Minerals, 34, 359-367. 

Reynolds, R. C. (1989) Diffraction by small and disordered 
crystals: in Modern Powder Diffraction, Reviews in Min- 
eralogy, 20, D. L. Bish and J. E. Post, eds., Mineral. Soc. 
of Amer., Washington, D.C., 145-181. 

Reynolds, R. C. and Hower, J. (1970) The nature of inter- 
layering in mixed-layer illite-montmorillonites: Clays & Clay 
Minerals 18, 25-36. 

Sakharov, B. A. and Drits, V. A. (1973) Mixed-layer ka- 
olinite-montmorillonite: A comparison of observed and 
calculated diffraction patterns: Clays & Clay Minerals 21, 
15-17. 

Srodofi, J. (1979) Correlation between coal and clay dia- 
genesis in the Carboniferous of the upper Silesian coal ba- 
sin: in Proc. Int. Clay Conf., Oxford, 1978, M. M. Mortland 
and V. C. Farmer, eds., Elsevier, Amsterdam, 251-260. 

Srodofi, J. (1980) Preciseidentif icat ionofi l l i te/smecti tein-  
terstratifications by X-ray powder diffraction: Clays & Clay 
Minerals 28, 401--411. 

Srodofi, J. (1981) X-Ray identification of randomly inter- 
stratified illite-smectite in mixtures with discrete illite: Clay 
Miner. 16, 297-304. 

Srodofi, J. (1984a) Mixed-layer illite-smectite in low-tern- 



52 Lanson and Besson Clays and Clay Minerals 

perature diagenesis: Data from the Miocene of the Carpa- 
thian foredeep: Clay Miner. 19, 205-215. 

Srodofi, J. (1984b) X-ray powder diffraction of illitic ma- 
terials: Clays & Clay Minerals 32, 337-349. 

Srodofi, J. and Ebed, D. D. (1984) Illite: in Micas, Reviews 
in Mineralogy 13, S. W. Bailey, ed., Mineral. Soc. of Amer., 
Washington, D.C., 495-544. 

Tchoubar, C., Drits, V. A., Besson, G., Bookin, A. S., Rous- 
seaux, F., Sakharov, B. A., and Tehoubar, D. (1990) X-ray 
Diffraction by Disordered Lamellar Structures. Theory and 
Applications to Microdivided Silicates and Carbons: Spring- 
er-Verlag, Berlin. 

Velde, B. (1985) Clays Minerals: A physico-chemical ex- 
planation of their occurrence: Developments in Sedimen- 
tology 40, Elsevier, Amsterdam, 427 pp. 

Velde, B. and Espitali6, J. (1989) Comparison of kerogen 
maturation and illite/smectite composition in diagenesis: 
J. Petrol. Geol. 12, 103-110. 

Velde, B., Suzuki, T., and Nicot, E. (1986) Pressure-tem- 
perature-composition of illite/smectite mixed-layer min- 
erals: Niger delta mudstones and other examples: Clays & 
Clay Minerals 34, 435-441. 

Watanabe, T. (1981) Identificationofillite/montmorillonite 
interstratification by X-ray powder diffraction: J. Miner. 
Soc. Jap. Spec. Issue 15, 32-41 (in Japanese). 

Watanabe, T. (1988) The structural model of illite/smectite 
interstratified minerals and the diagram for their identifi- 
cation: Clay Sci. 7, 97-114. 

(Received 6 June 1991; accepted 5 November 1991; Ms. 
2108) 

View publication statsView publication stats

https://www.researchgate.net/publication/252584108

